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Communicated by Wendylee StottNorth America's northern lakes are undergoingmajor changes. Lake Superior is the coldest and northernmost of the
Laurentian Great Lakes. Here, we present an extension of a long-term data set thatmonitors genetic and phenotypic
diversity of lake trout Salvelinus namaycush in Lake Superior. Hypotheses were investigated pertaining to loss of ge-
netic diversity and genetic homogenization among three lake trout ecomorphs in Lake Superior during their recov-
ery several decades after a major ﬁshery collapse in the early 1960s. Comparison of a contemporary (2004–2013)
microsatellite DNA data set to a previously published, post-collapse recovery period data set (1995–1999) indicated
substantive losses in genetic diversity. Allelic richness decreased by 5.7%, 12.3%, and 6.8% at Isle Royale, Stannard
Rock, and Klondike Reef, respectively. A 60.7% reduction in genetic distance among ecomorphs since the 1990s
was detected. Comparisons with a third data set of samples collected during the ﬁshery collapse (1959) indicated
an overall 18.2% loss in allelic richness at Isle Royale. The amount of introgression among ecomorphs has likely in-
creased over time. Apparent losses in genetic diversity could be a consequence of historical ﬁshery harvests (early
1900s) exacerbated by intensive stocking (1950s–1980s) and invasions of non-native species (1960s–1990s). Over-
lap in foraging and breeding areas may have contributed to increasing levels of hybridization among ecomorphs.
Knowledge of these processeswill help to identify impediments and strategies for themaintenance of lake trout bio-
diversity in northern Great Lakes, and their re-establishment in the Laurentian Great Lakes.
© 2016 The Authors. Published by Elsevier B.V. on behalf of International Association for Great Lakes Research. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Index words:
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Evolutionary potential and adaptive capacity can be compromised
by loss of genetic variation due to overexploitation and stocking
(Ryman et al., 1995; Allendorf et al., 2008; Pinsky and Palumbi, 2014;
Tringali and Bert, 2015). Genetic drift, the random change in allelic
frequencies from generation to generation, drives loss of genetic diver-
sity (Frankham, 2002). The strengthof genetic drift is determined by the
effective number of breeding individuals in a population and is predict-
ed to be strong in small populations and weak in large populations.
However, even when population sizes are large, species that undergo
sharp declines in effective population size (Ne), e.g.,due to overﬁshing
(Allendorf et al., 2014; Pinsky and Palumbi, 2014) or hybridization
with stocked ﬁsh (Tringali and Bert, 2015), can be susceptible to rapid
declines in genetic diversity that can affect their evolutionary potential.
Meta-analyses have shown that losses of alleles at neutral loci translat-
ed to losses of genetic variation throughout the entire genome in many
heavily ﬁshed marine species (Pinsky and Palumbi, 2014). Thisail.com (S.M. Baillie).
. on behalf of International Associatiobservation is particularly important considering future environmental
conditions to which species have not yet been exposed (Pinsky and
Palumbi, 2014). Overexploitation through commercial and recreational
ﬁshing has been observed in many species (Lawrie and Rahrer, 1972;
Myers et al., 1997; Hutchings, 2001; Allendorf et al., 2014). Yet empirical
evidence for genetic depletion is difﬁcult to obtain and requires sam-
pling before and after population declines (Pinsky and Palumbi, 2014).
Distinct ecological morphologies, or ecomorphs, commonly arise in
ﬁshes through a process of sympatric adaptive radiation in postglacial
lacustrine environments (Schluter, 2001). Low species diversity in
newly colonized habitats offers increased ecological opportunity for di-
versifying selection on intermediate (generalist) phenotypes and can
act in concert with other mechanisms such as sexual selection leading
to the development of ecologically distinct, reproductively isolated
forms (Wellborn and Langerhans, 2015). Compared to lakes in warmer
areas, species diversity in cold-temperate and boreal postglacial lakes is
often low, which poses challenges for conservation and management.
Diversity in boreal lakes can be enhanced by important, but often poorly
understood, morphological, ecological, and genetic diversity within
species (Bernatchez and Wilson, 1998). Northern ﬁshes in postglacial
waters often have two or more distinct ecomorphs that co-occur inon for Great Lakes Research. This is an open access article under the CC BY-NC-ND license
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Schluter, 2000). In some cases, these sympatric forms are regarded as
distinct species (Taylor, 1999), although barriers to reproduction are
rarely complete. Sympatric ecomorphs are typically associated with
differential use of trophic resources and habitat; commonly, one form
is a benthic or littoral prey specialist, and the other targets pelagic prey.
Ecological sympatric speciation is thought to have driven the evolu-
tion of diversiﬁcation in lake trout Salvelinus namaycush, whichuse a va-
riety of habitats and trophic resources within North American Great
Lakes, e.g.,Great Bear Lake (Blackie et al., 2003; Chavarie et al., 2013,
2015; Harris et al., 2012, 2015), Lake Mistassini (Zimmerman et al.,
2007), and Great Slave (Zimmerman et al., 2006). Within each lake, a
rich array of phenotypes exists that vary in morphology, color, and
lipid metabolism, and life history (Krueger and Ihssen, 1995). Lake Su-
perior supports the most abundant and diverse remnants of ecomorph
diversity in the Laurentian Great Lakes; in addition to several more
forms that are thought to have existed and are now extinct (Krueger
and Ihssen, 1995; Bronte et al., 2003; Zimmerman and Krueger, 2009;
Muir et al., 2014) or waiting to be re-described. Of the four ecomorphs
that have been described, “lean” lake trout as adults tend to use shallow
water (b80 m), have a large head, long snout, short paired ﬁns, and a
long and narrow caudal peduncle. “Siscowet,” the most abundant
ecomorphs, typically occupydeepwater (N50m) andhavemuchhigher
fat content than leans, a short snout, large eyes, moderately long paired
ﬁns, and a short and deep caudal peduncle. “Humper” lake trout live on
isolated offshore reefs or steep sloping banks surrounded by deep wa-
ters (Rahrer, 1965). Humpers have a relatively lean body, small head,
short snout, large upward facing eyes, and short and narrow caudal pe-
duncle. The “redﬁn” (not discussed in thismanuscript) only recently has
been described as a distinct ecomorph in Lake Superior and is the most
physically robust of the ecomorphs (Muir et al., 2014).
Striking instances of sudden phenotypic homogenization differences
between once distinct teleost ecomorphs are numerous, especially
during early stages of diversiﬁcation—this process is referred to as
speciation reversal (Taylor et al., 2006; Seehausen, 2006). Speciation
reversal can occur through increased gene ﬂow between ecomorphs
leading to introgressive hybridization, by adaptive convergence with
no gene ﬂow due to a homogenized environment or resources, and by
phenotypic plasticity resulting from gene expression responses to an al-
tered environment in the absence of genotypic change (Pigliucci et al.,
2006; De Leon et al., 2011). Increased hybridization can occur rapidly.
Examples include the loss of diverse cisco (Coregonus spp.) species
ﬂocks in North American and European lakes (Todd and Stedman,
1989; Vonlanthen et al., 2012) and the rapid breakdown of cichlid di-
versity in LakeVictoria (Seehausen et al., 1997). Hybridization can result
in a loss of genetic diversity where offspring fail to adapt to the environ-
ment of either parent (i.e.,outbreeding depression; Frankham, 2010).
Evidence for hybridization includes increased gene ﬂow among
ecomorphs and a loss of private allelic richness, such that hybrid
populations share alleles with their parent population rendering them
no longer unique to each population (Allendorf and Luikart, 2007).
Speciation and its reversal may naturally characterize evolutionary
dynamics of adaptive radiation and may increase the adaptability of
genomes (Seehausen, 2006; Taylor et al., 2006). Regardless, homogeni-
zation of ecomorphs can be an important loss of biodiversity with po-
tentiallymajor repercussions on ecosystem function (Seehausen, 2006).
Erosion of genetic diversity within lake trout populations has
progressed at different rates across lakes and also within lakes. In a
study that focused on the lean lake trout ecomorph, Guinand et al.
(2003) demonstrated that upper Great Lakes (Superior, Huron, andMich-
igan) population declines resulted in a N20% loss of genetic diversity and
allelic richness. Deepwater siscowet and humper ecomorphs were be-
lieved to be less affected by ﬁshing and invasive sea lamprey Petromyzon
marinus predation than leans because they occupied different ecological
niches (Hansen et al., 1995;Guinand et al., 2012) andwere not as reduced
in abundance. In a subsequent study featuring Lake Superior lean,humper, and siscowet ecomorphs, Guinand et al. (2012) demonstrated
genetic losses for all three ecomorphs, yet genetic distance among
forms had not been appreciably diminished by the 1990s. Furthermore,
Page et al. (2004) showed that genetic variationwas apportioned primar-
ily on the basis of ecomorph, and secondarily on geographic location.
However, lake trout populations sampled during the 1990s had greater
genetic afﬁnities to hatchery than to ancestral stocks (Guinand et al.,
2003). Amajor emphasis of the lake trout restoration effort in Lake Supe-
rior, in addition to sea lamprey control, has been on stocking offspring
from locally sourced lake trout hatchery strains (Page et al., 2004). Until,
the late 1990s, progeny from these broodstocks were stocked by the
U.S. Fish andWildlife Service, aswell as by theOntarioMinistry of Natural
Resources and Forestry (OMNRF; e.g., Slate Island, Michipicoten Island),
Wisconsin Department of Natural Resources (Gull Island Shoal), and
Michigan Department of Natural Resources (Marquette) into waters of
the upper Great Lakes (Hansen, 1999; Krueger and Ebener, 2004). High
densities of stocked ﬁsh stimulated recruitment in the 1960s and 1970s,
likely by interbreeding with remnant wild lake trout (Hansen et al.,
1995; Richards et al., 2004; Bronte et al., 2003). Diet shifts
have occurred during this time period, partly due to the invasion
of non-native rainbow smelt Osmerus mordax. In the recent past
(1970s–2000s), the deep water ecomorph siscowet fed on similar
shallow water diet items as the lean ecomorph especially smelt but in
differing proportions (Bronte et al., 2003; Ray et al., 2007), whereas
historically prior to the collapse the diets of the two ecomorphs most
likely fed differentially on a coregonine species complex. Historically,
lean, humper, and siscowet lake trout in Lake Superior were
morphologically distinct (see references in Muir et al., 2014); however,
phenotypic overlap appears to have increased to the point that
individuals are difﬁcult to assign to ecomorph using visual or statistical
methods (Muir et al., 2014). Thus, the process of diversifying selection,
e.g.,for ecomorphological traits, may be undergoing a change or reversal
in the face of human disturbance (De Leon et al., 2011).
In this study, we test the hypotheses that lake trout ecomorphs have
experienced losses in allelic diversity and that genetic homogenization
among ecomorphs has occurred since the 1990s. Our objectives were to
(i) compare lake trout genetic diversity estimates between the previously
reported 1990s (recovery period) microsatellite DNA data set and con-
temporary samples, (ii) determine if genetic distances among ecomorphs
have been reduced between those two time periods, (iii) evaluate chang-
es in hierarchical population genetic structuring among and within Lake
Superior lake trout ecomorphs, and (iv) compare trends in temporal
changes in Ne, effective population size estimates to Nc, estimated popu-
lation size. Using samples collected during 2004–2013 together with pre-
viously published microsatellite DNA data sets (samples collected during
1959 and 1995–1999),we expanduponprevious results byGuinand et al.
(2003, 2012). This study is a unique contribution to Great Lakes science
because it involves new samples collected after lake trout population
sizes reached asymptotic growth in Lake Superior, after extensive hatch-
ery stocking had ceased, and after geometric morphometric analyses
indicated potential phenotypic homogenization among ecomorphs. Ulti-
mately, this research advances understanding of ongoing processes be-
hind human-induced changes in genetic and ecomorphological diversity
of Lake Superior lake trout ecomorphs. Results from this studywill inform
lake trout rehabilitation programs in the Laurentian Great Lakes (lakes
Superior, Huron,Michigan, Erie, and Ontario, in particular) that aim to re-
store ecological (or functional) diversity.
Study site
The history of lake trout diversity in Lake Superior
The historical Lake Superior food web revolved around energy
transfer from primary and secondary producers through shallow and
deepwater coregonines and sculpins (Myoxocephalus thompsonii, Cottus
ricei, and Cottus cognatus) to burbot Lota lota and lake trout (Dryer et al.,
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cally since the late 1800s, as stocks were already in decline during
1930s–1940s when data became available (Hile et al., 1951; Lawrie
and Rahrer, 1972; Bronte and Sitar, 2008). The collapse of the keystone
predator set off a cascade of ecological changes, which began with the
expansion of cisco Coregonus artedi populations released frompredation
by lake trout. The expansion of C.artedimay have reduced diversity in
the deepwater cisco complex, possibly causing the decline of shortjaw
cisco (Coregonus zenithicus) through competitive or predatory interac-
tions during early life stages (Bronte et al., 2010). With the collapse of
the lake trout ﬁshery by 1960 due in part to predation by the non-
native sea lamprey and overﬁshing, targeted overﬁshing of large
spawning aggregations of C.artedi (Lawrie and Rahrer, 1972; Selgeby,
1982) and possibly interactions with exotic rainbow smelt Osmerus
mordax(Anderson and Smith, 1971) caused a ubiquitous collapse of all
cisco stocks (i.e.,all species) by the late 1960s. With reduced numbers
of lake trout and native pelagic planktivores, rainbow smelt increased
in abundance and dominated the forage base in shallow waters, and
Coregonus hoyi increased in abundance in deep water (Bronte et al.,
2010). As a result, these changes simpliﬁed the Lake Superior prey
base. On top of these changes, amajor lake trout stocking program to re-
build populations began during the late 1950s. Between 1960 and 1990,
an average of 2.9 million lake trout/year were stocked into Lake Superi-
or (Lawrie and Rahrer, 1972; Hansen et al., 1995;Muir et al., 2012),with
originsmostly from remnantwild lean populations taken along the south
shore of Lake Superior. Remnant lean populations persisted at several lo-
cations in Lake Superior, including the near-shore Gull Island Shoal, and
offshore locations of Isle Royale, Michipicoten Island, Superior Shoal,
and Stannard Rock (Schram et al., 1995; Krueger and Ebener, 2004).
Humper and siscowet populations were less affected than leans by com-
mercial harvest and sea lamprey predation, perhaps because their remote
offshore and deepwater habitat afforded some reprieve from the impacts
of sea lamprey and ﬁsheries (Peck, 1974). By the mid-1990s, near-shore
Lake Superior leans were considered re-established. Lake trout reproduc-
tion increased greatly during the 1980s, and by 2000, both lean and
siscowet lake trout had recovered to near historical abundance (Wilberg
et al., 2003; Bronte et al., 2003; Muir et al., 2012). Today, siscowet are
the most abundant of the ecomorphs in the lake (Bronte et al., 2003;
Sitar et al., 2008), and may have been historically, given the available
deepwater habitat (Bronte et al., 2003).
Methods
Data sets
Microsatellite DNA samples were genotyped from lake trout collect-
ed at three locations, Isle Royale (48.08°, −88.87°), Stannard Rock
(47.22°,−87.22°), and Klondike Reef/Caribou Reef (47.21°,−85.91°/
47.33°,−85.93°), that span Lake Superior fromwest to east, respective-
ly. Three data sets each representing a separate time period were
studied: 1959 (end of collapse which began several decades earlier),Table1
Lake trout sample size (N) and number of loci (L) sampled during summer and early autumnover t
Historicala Recoverya
Region Ecomorph Year N L Year
Isle Royale Lean 1959 13 3 1995
Humper 1959 9 3 1999
Siscowet 1959 5 3 1999
Stannard Rock Lean – – – 1999
Humper – – – –
Siscowet – – – 1999
Klondike/Caribou Reef Lean – – – –
Humper – – – 1999b
Siscowet – – – 1999b
a Populations analyzed previously in Guinand et al. (2003, 2012).
b Samples collected at Caribou Reef.1995–1999 (recovery), and 2004–2013 (contemporary) (Table1). Alto-
gether, 18 microsatellite loci were used to genotype the contemporary
sample for each of the three locations. To assess loss of genetic diversity
and distance over time, contemporary datawere compared to previous-
ly published microsatellite genotype data generated from samples col-
lected during the collapse and recovery periods (see Page et al., 2004;
Guinand et al., 2003, 2012). All six loci from the recovery period
[Ogo1a (Olsen et al., 1998), OneU9 (Scribner et al., 1996), Ssa85
(O'Reilly et al., 1996), Sco1 and Sco12 (Angers et al., 1995), and Sco19
were used (Taylor et al., 2001)]. The ﬁve locus data set from the collapse
period (available for Isle Royale only) had three loci in common (Ogo1a,
Sco19, and Ssa85) with our contemporary data set. Microsatellite scor-
ing was standardized among data sets using histograms to identify the
most common allele for each locus in each data set, and adding or
subtracting the difference to all allele sizes. Contemporary samples
from Isle Royale were collected from three zones: Zone 1 (48.21°,
−88.57°), Zone 2 (47.90°, −88.76°), and Zone 3 (47.83°, −89.39°),
(see Fig.1). Genetic data sets representing collapse and recovery time
periods were collected from Isle Royale at a location approximating
Zone 3. Note that Caribou Reef samples from 1999 were used for direct
comparison with Klondike Reef samples collected during 2004, as these
two locations are separated by only 10–15 km in east-central Lake Supe-
rior (47.34°,−85.82°) (see Fig.1). All contemporary samples were close
spatial replicates of their collapse and recovery period counterparts.
With the exception of remnant populations, lake trout from these three
Lake Superior locations were almost extirpated by 1960–1961 (Guinand
et al., 2003). The collapse is thought to have occurred within a single
lake trout generation (6–8 years; Hansen, 1999; Guinand et al., 2003);
thus, the c. 1959 samples of adult ﬁsh were collected as the populations
collapsed. The recovery and contemporary samples represent recovering
wild lake trout populations that were naturally reproducing, and no sam-
ples were from ﬁn-clipped hatchery ﬁsh (Guinand et al., 2003).
DNA extraction and ampliﬁcation
Contemporary ﬁn clipswere air dried and stored in paper envelopes,
and DNA was extracted using a silica based methodology (Elphinstone
et al., 2003) modiﬁed for a 96-well format on an automated Perkin
Elmer robotic liquid handling system. The methods for DNA extraction
of the collapse period samples can be found in Page et al. (2004), and re-
covery period samples in Guinand et al. (2003, 2012). This or similar
sets of markers have been used previously to assess population struc-
ture in lake trout and similar species in North America (see Baillie et
al., 2015; Valiquette et al., 2014). PCR cocktails were prepared in 5 μL re-
actions and consisted of 0.5 μL of 10× reaction buffer, 200 μmol/L of
dNTPs, 2 pmol of both the forward and reverse primer, 0.2 U of TaqDNA
polymerase, and 1 μL of DNA. PCR conditions consisted of (a) an initial
denature step at 95 °C for 5 min, (b) 25–30 cycles of 94 °C for 30 s,
locus speciﬁc annealing temperature (50–62 °C) for 30 sand 72 °C for
1 min, and (c) a ﬁnal extension at 72 °C for 3 min. Ampliﬁed PCR frag-
ments were visualized on a LI-COR Biosciences (Lincoln, NE, USA)hree timeperiods: historical (1959), recovery (1995–1999), and contemporary (2004–2013).
Contemporary
N L Year N L Year N L
72 5 2006–7 105 18 – – –
60 5 2006–7 52 18 – – –
119 5 2006–7 163 18 – – –
84 6 2013 27 18
– – – – – 2013 1 18
57 6 – – – 2013 14 18
– – 2004 1 18 – – –
61 6 2004 17 18 – – –
67 6 2004 5 18 – – –
Zone 1
Isle Royale
Zone 3
Zone 2
Stannard Rock
Caribou Reef
Klondike ReefGull Island Shoal
Michipicoten 
Island
Apostle 
Islands
Superior Shoal
1959
1995-99
1999
2007
2013
100 Kilometres
2004
1999
2006
2006
Fig.1. Lake trout genetic data collection sites used for this study within Lake Superior, United States representing three main locations, Isle Royale, Stannard Rock, and the Caribou Reef/
Klondike Reef area. Other place names in italics are mentioned in the text. Thatched areas represent sampling zones around Isle Royale. Open, black, and dark gray triangles represent
contemporary, recovery, and historical samples, respectively.
207S.M. Baillie et al. / Journal of Great Lakes Research 42 (2016) 204–216DNA Analyzer with 6% denaturing polyacrylamide gels. Scoring was
performedbyhand using a standard ladder (100–350 bases), and scores
were veriﬁed by including two samples of known genotype on every gel
as well two negative controls.
Analysis of genetic diversity
All loci were checked for the presence of null alleles with the soft-
ware Microchecker (Van Oosterhout et al., 2004). Deviations from link-
age disequilibrium between all pairs of loci for each sample were tested
using ARLEQUIN 3.5 (Excofﬁer and Lischer, 2010). Observed (Ho) and
expected (He) heterozygosity of samples were calculated using
ARLEQUIN. Deviations from Hardy–Weinberg equilibrium (HWE)
were tested using exact tests (Guo and Thompson, 1992), for each
locus and sample using GENEPOP 4.0 (Raymond and Rousset, 1995).
One hundred batches were run using 1000 dememorizations and
1000 iterations per batch. For multiple comparisons, signiﬁcance levels
were adjusted by sequential goodness of ﬁt corrections (Carvajal-
Rodriguez and de Una-Alvarez, 2009). Allelic richness (Ar) and private
allelic richness (P Ar), both of which were adjusted for the smallest
sample size (in cases where sample sizes were below 10 individuals,
Ar was not adjusted or used in statistical tests), were calculated
using HP-RARE 1.0 (Kalinowski, 2004). Private allelic richness refers
to the number of alleles standardized by sample size that are present
in a population and that do not exist in any other population.
Number of alleles per locus (A) was estimated using FSTAT 2.9.3
(Goudet, 1995).
Current Ne and historical demography
Effective population size (Ne; the number of breeding individuals in
a population)was estimatedusing one and two sample temporalMCMC
estimation methods based on a coalescence model. Program
TMVP(Beaumont, 2003) was used to obtain a posterior distribution of
Ne using an MCMC approach with importance sampling. This method
requires samples from two or more points in time, and is appropriate
for data sets with overlapping generations (Tallmon et al., 2004). Our
samples represented three time periods, collapse, recovery, and
contemporary, representing 7.41 (between 1959 and 2004–2013),
1.72 (between 1999 and 2004–2013), and 1.14 (between 1999 and
2006–2007; Isle Royale only) generations in the analyses whereappropriate, based on lake trout generation time of 7 years. The
contemporary data set for Isle Royale was restricted to Zone 3 to
approximate spatial overlap of sampling effort with collapse peri-
od samples; therefore, the sample size for leans, humpers, and
siscowet for this analysis were 21, 21, and 55 individuals, respec-
tively. To run TMVP, we assumed a start model with constant pop-
ulation size, a ceiling population size of 1000, 20,000 MCMC
updates with 10 updates between output estimates. These condi-
tions were altered accordingly to obtain MCMC convergence of
three chains, deﬁned by a stable proﬁle when state number was
plotted against Ne for N0 (current Ne output) and N1 (historical
Ne output). Note that when samples from the collapse period
were included in the input ﬁle, only three loci could be used, and
comparisons using the recovery data set were limited to ﬁve com-
mon loci. The program TRACER v1.6 [A. Rambaut, M.A. Suchard, D.
Xie, and A.J. Drummond (2014) Tracer v1.6, Available from http://
beast.bio.ed.ac.uk/Tracer] was used to calculate 95% highest poste-
rior density (HPD) intervals and visualize trace ﬁles showing the
marginal probability distribution for each Ne estimate.
Finally, a Bayesian coalescent hierarchical model implemented in
MSVAR v 1.3 was used to assess population decline or expansion and
to validate TMVP results using the contemporary data set (15 loci; loci
with null alleles and ﬁxed loci were excluded) for each ecomorph and
location (Storz and Beaumont, 2002). The MSVAR MCMC simulations
estimated separate posterior probability distributions of current and an-
cestral population sizes, and the time since demographic change. We
used wide-ranging priors to avoid a bias on posterior distributions
(Goossens et al., 2006), and ran three chains with varying input
parametersand 20,000 updates with a thinning interval of 100,000.
A generation time of 7 years (age of sexual maturity in Lake Superior
lake trout) was used assuming an exponential demographic model.
To assess MCMC convergence, MSVAR output was analyzed using
boa, coda, and locﬁt packages in R v3.01 (R Development Core
Team, 2008). The R script of M. Beaumont (Dryad Digital Repository
doi:10.5061/dryad.5sc31) was used to calculate median and 95%
HPDintervals for current and past population size and time. The ﬁrst
25% of iterations were discarded as burn-in. Convergence of the
remaining iterations between the three chains was assessed using
Brooks, Gelman, and Rubin statistics (Brooks and Gelman, 1998). For
both TMVP and MSVAR, values reported are averaged from three
chains.
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The distribution of genetic diversity was assessed with data sets
divided by ecomorphs (lean, humper, and siscowet) and by geographic
location (Isle Royale, Klondike Reef, and Stannard Rock) using analyses
of molecular variance (AMOVA) implemented in ARLEQUIN with
10,000 permutations (Excofﬁer and Lischer, 2010). Three different
hierarchical AMOVAs assessed the inﬂuence of time on the distribution
of genetic diversity among and within populations. Each of the three
regions consisted of three ecomorph (lean, humper, and siscowet) pop-
ulations genotyped atﬁve common loci (see Table1). To validate theﬁve
locus AMOVAs, we compared our results to those from the same popu-
lation groups genotyped with all 18 microsatellite loci.
Statistical power for detecting differentiation was assessed using
1000 runs in POWSIM(Ryman and Palm, 2006; Ryman et al., 2006).
Input variables included allele frequencies and sample sizes of the pres-
ent data set: ﬁve loci for two generations (recovery and contemporary)
and three loci for three generations (collapse, recovery, and contempo-
rary). The resultant power for each POWSIM analysis was 1.0, which
implied statistical power (data available upon request) was
sufﬁcient.We computed pairwise Fst estimates using 10,000 permuta-
tions in ARLEQUIN. Fst values (Wright, 1965) were classiﬁed according
to the type of comparison: (i)within geographic locations (WL) or be-
tween locations (BL), (ii) within ecomorphs (WM) or between
ecomorphs (BM), and (iii) within generations (WG) or between gener-
ations (BG); these were combined into groups of divergence (see
Gomez-Uchida et al., 2012). For example, a comparison of Isle Royale
leans between generationswould be classiﬁed asWLWMBG for tempo-
ral or “generational divergence.” Spatial divergence groups would be
WLBMWG for “ecomorph divergence,” and BLWG for “lake divergence.”
Comparisons WM or BM between locations as well as hybrid groups,
e.g.,WLBMBG or BLBG, were not considered. Neighbor joining (NJ)
trees assessed sample clustering among the “collapse to contemporary”
(using 3 microsatellite loci) and “recovery to contemporary” (using 5
microsatellite loci) time periods (Populations v1.2.32. Available from
http://bioinformatics.org/~tryphon/populations/]). Unrooted trees
were based on Cavalli-Sforza and Edwards chord distance matrix
(Cavalli-Sforza and Edwards, 1967) and visualized using TREEVIEW
v1.6.6 (Page, 1996).
Multiple coinertia analysis and ordination in genotypic space
Multiple coinertia analysis (MCOA) in “ade4”(Dray and Dufour,
2007) implemented in R assessed changes in genetic distance among
ecomorphs across the time periods “collapse to contemporary” and
“recovery to contemporary” at Isle Royale and Stannard Rock. MCOA is
based on a principal component analysis (%PCA) speciﬁcally designed
for compositional data that convey relative information, such as diet
composition (De Crespin de Billy et al., 2000). Subsequently, Laloe et
al. (2007), used allelic frequencies as compositional data and put the
%PCA method together with a biplot representation to interpret the or-
dinal location of a genetic population.MCOA appears similar to discrim-
inant analysis of principle components, which is a two-stepprocess that
maximizes the distances between groups and plots individuals in ordi-
nation space based on genetic composition of each individual.MCOAco-
ordinates, however, are based on the allelic composition of each locus in
a group, rather than allelic composition of individual genotypes. The dis-
tance between groups is maximized in a consensus plot based on the
loci that contribute most strongly to the separation of the groups
(Laloe et al., 2007). Uncertainty due to the size of sampled population
is accounted for by adding conﬁdence ellipses around population cen-
troids (Laloe et al., 2007).
Speciﬁcally, we used MCOA to ﬁnd a common typology among
multiple sources of tabulated allelic frequency data for each locus, k,
where k= 5 or 6 tables depending on the number of loci in each data
set (Laloe et al., 2007; Jombart et al., 2009). Within the MCOAframework, percent principal components analyses were performed
for each locus to plot each ecomorph population in multivariate space.
A consensus typology then was created among the 5 or 6 ordinations
by maximizing the sum of the coinertias, i.e.,squared covariances,
between the population-speciﬁc scores of each marker (Laloe et al.,
2007; Leinonen et al., 2012). Finally, the Euclidean distance between
centroids of ecomorph distributions in multivariate space was used as
a measure of genetic distance.
Results
Loss of genetic diversity
Among contemporary samples, program MICROCHECKER indicated
that only one locus, Sfo334, had null alleles across “populations” when
data sets were divided by ecomorph and location (Electronic Supple-
mentary Material (ESM) TableS1). In addition to locus Sfo334, loci
SalD39 andOneU9were omitted frompopulation level analyses because
they were either ﬁxed for a single allele or had extremely low diversity.
Ar and He averaged over all ecomorphs signiﬁcantly declined by 5.7%
and 3.5%, respectively, from the recovery to contemporary time
periods(7–11 years) at Isle Royale, by 12.3% and 6.9% at Stannard Rock
(14 years), and by 6.8% and 9.3% at Klondike Reef (5 years) (All Χ2 test
P-values b0.001; Table2). For the recovery period, most loci were in
HWE, and null alleles were detected in only one locus for one popula-
tion (ESM TableS2). In the contemporary data, set locus Oneμ9 (in Klon-
dike Reef siscowet, Stannard Rock siscowet, and Stannard Rock lean)
and locus Sfo12 (Klondike Reef siscowet) were ﬁxed (i.e.,no allelic vari-
ation), whereas these loci were not ﬁxed in the recovery data set (ESM
TableS2). These apparently ﬁxed loci may be artifacts of lower sample
size in the contemporary than the recovery data set, with exception of
Stannard Rock leans with a sample size N20 individuals. Standardized
by generation time (7 years), Isle Royale humper, Isle Royale siscowet,
and Stannard Rock siscowet had higher rates of Ar loss than leans at ei-
ther location (Table2). Private allelic richness rates of loss were high for
all ecomorphs at all locations.
Estimated Ar was compared to previous data (Guinand et al., 2012)
in a timeline from 1948 to 2013 (Fig.2). The 1948 Ar estimates were in-
cluded in Fig. 2 for visualization onlyand were back calculated from our
1959Ar values using the 22.7% and 21.0% decreases in lean and siscowet
lake trout Ar, respectively, from 1948 (pre-collapse) to 1959 (collapse)
reported in Guinand et al. (2012). Although the number of loci in the
collapse period data set was low, our calculations indicated that Isle
Royale lake trout Ar (ecomorphs pooled for each time period) may
have been reduced by 18.2% between the collapse (3 loci, 26 individ-
uals) and contemporary periods (3 loci, 313 individuals) (TableS3).
The rate of loss of genetic diversity at Isle Royale appears to have
increased between recovery and contemporary periods relative to
between the collapse to recovery periods (Fig.2, ESM TableS3). Howev-
er, the magnitude of loss, or effect size, was likely exaggerated due to
low sample size of the oldest data set. Thus, we report a loss of genetic
diversity has occurred since the 1990s, but cannot deﬁnitively conclude
that the rate of loss has accelerated between the 1950s and 1990s.
Ordination in genotypic space over time
MCOA results indicated reductions in genetic distance between
ecomorph pairs (lean-humper, lean-siscowet, and humper–siscowet)
at Isle Royale from recovery to contemporary periods. Genetic distance
between lean and siscowet ecomorphs was reduced by 57.4%, by 46.3%
between lean and humper, and 78.4% between humper and siscowet
(Fig.3a). At Stannard Rock, genetic distance between the lean and
siscowet decreased by 11.3% (Fig.3b). Standardized by generation
time, the rate of loss for the lean-siscowet ecomorph pair at
StannardRock (5.5%/generation) was much lower than at Isle Royale
(52.8%/generation) during roughly the same time period.
Table2
Comparison of genetic diversity estimates and rate of loss of genetic diversity for lake trout, Salvelinus namaycush, between the late 1990s and 2000s in Lake Superior. Allelic richness (Ar)
and private allelic richness (P Ar) are standardized to the smallest sample size of 14 individuals. The number of individuals sampled (N), number of alleles (A), observed heterozygosity
(Ho), and expected heterozygosity (He) are given. To compare between the recovery and contemporary time periods, ﬁve commonmicrosatellite loci were used for Isle Royale diversity
estimates, and six loci for Stannard Rock and Klondike Reef.
Recovery Contemporary
1995–1999 2004–2013 % Loss Rate of Loss
(% loss/generaton)
N A Ho He Ar P Ar N A Ho He Ar P Ar HE Ar P Ar HE Ar P Ar
Isle Royale
Lean 67 2.1 0.42 0.44 3.5 0.04 101 1.7 0.41 0.41 3.3 0.03 6.8 5.7 25.0 4.3 3.6 15.9
Humper 48 2.3 0.46 0.46 3.5 0.09 51 2.7 0.41 0.42 3.3 0.07 8.7 5.7 22.2 8.7 5.7 22.2
Siscowet 62 2.1 0.39 0.40 3.5 0.13 161 3.1 0.41 0.42 3.3 0.07 −5.0 5.7 46.2 −5.0 5.7 46.2
Stannard Rock
Lean 84 4.4 0.41 0.44 3.5 0.05 27 3.6 0.42 0.40 3.3 0.01 9.1 5.7 80.0 4.6 2.9 40.0
Siscowet 57 4.6 0.45 0.43 3.7 0.17 14 3 0.45 0.41 3.0 0.02 4.7 18.9 88.2 2.4 9.5 44.1
Klondike Reef
Humper 61 4.8 0.42 0.46 3.6 0.13 16 3.4 0.42 0.46 3.4 0.04 0.0 5.6 69.2 0.0 4.0 96.9
Siscowet 67 5.2 0.44 0.43 3.8 0.29 5 2.4 0.39 0.35 – – 18.6 – – 26.0 – –
Siscoweta 5 – – – 2.5 0.14 5 – – – 2.3 0.00 – 8.0 100.0 – 11.2 140.0
a Ar and P Ar were based on a sample size of 5 individuals due to low number of individuals in the more recent data set.
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three common loci, a 12.2% to 71.6% reduction in genetic distance from
the collapse to contemporary period was calculated among ecomorph
pairs, which translated to a rate of loss of 1.8% to 11.0%/generation
(Fig.3c). Averaged over all paired comparisons, Euclidean distance
between centroids for each ecomorph pair was reduced by 38.4% at a
rate of 5.7%/generation over the 47-year period from 1959 to 2007.
Temporal changes in population genetic structure
If genetic homogenization has increased among lake trout ecomorphs
in Lake Superior since the 1990s, thenwewould expect genetic variationcollapse
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the 1950s versus 1990s/2000s data sets were larger (WMBG: Fst range
0.073–0.088) than values of the 1990s versus 2000s (WMBG: Fst range
−0.003-0.023), possibly indicating stronger generational genetic drift
prior to the 1990s than today (Fig.4b). Taken together, these resultsrey 
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time, and that contemporary genetic distance among locations possibly
has increased.
Previous studies established that lake trout sampled during the
1990s genetically clustered together (i.e.,were genetically more similar
in allele frequency) by ecomorph rather than by geographic location
within the lake (Page et al., 2004; Guinand et al., 2012). Here, we
reproduced those results with the recovery period data set (Fig.5a).
However, lake trout clustered together by location with high bootstrap
support, and not by ecomorph, when the analysis was repeated using
the contemporary data set (Fig.5b). The contemporary period NJ treeTable3
Analysis ofmolecular variance on Lake Superior lake trout genetic partitioning by ecomorph and
2013) data sets. Fixation indiceswere calculated inARLEQUIN (Excofﬁer and Lischer, 2010) for l
Klondike Reef. Three AMOVAswere performed using(1)the recovery data set (1995–99) genoty
(3) the contemporary data set using all 18 microsatellite loci.
Data set Fixation indices df Sum of squares V
Recovery period– 5 loci
Among ecomorphs 0.011⁎ 2 9.73
Among sampling locations within ecomorphs 0.003 4 5.67
Within populations 0.014⁎ 885 910.59
Contemporary period– 5 loci
Among ecomorphs 0.002 2 2.32
Among sampling locations within ecomorphs b0.001 4 3.72 b
Within populations 0.003 319 293.35
Contemporary period– 18 loci
Among ecomorphs −0.016 2 0.02 −
Among sampling locations within ecomorphs 0.013 4 0.60 −
Within populations −0.002 327 32.90
⁎ Signiﬁcant value.topography with bootstrap support at the same nodes was produced
whether using all 18 loci or the ﬁve common loci (results not shown).
As with the AMOVAs above, the analyses using ﬁve loci reﬂected the
same population structure as when 18 loci were used.
Finally, using three loci common amongdata sets, the longest branch
in the lake trout NJ tree (based on Isle Royale only) separated the
collapse period from the recovery and contemporary periods with
bootstrap support, which indicated changes in allelic composition
since the ﬁshery collapse (Fig.6). Themagnitude of this change may ap-
pear exaggerated because of the low sample sizes of the collapse period
data set; however, when the analysis was repeated using equal samplesampling location for the recovery period (1995–1999) and contemporary period (2004–
ean, humper, and siscowet among three sampling locations, Isle Royale, Stannard Rock, and
pedwith ﬁvemicrosatellite loci, (2) the contemporary data setwith the same ﬁve loci, and
ariance components among groups Percentage of variation among groups P-value
0.012 1.13 0.009
0.003 0.30 0.925
1.028 98.57 b0.001
0.002 0.23 0.482
0.001 0.03 0.345
0.920 99.74 0.226
0.002 −1.59 0.926
0.001 1.39 0.185
0.100 100.20 0.221
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Fig.5.Neighbor joining tree based on Lake Superior lake trout recovery period samples genotype
The ﬁrst character of the alphanumeric labels indicates ecomorph (L, lean; H, humper; S, siscow
the last two characters are for year, e.g.,99=1999, 13=2013.Numbers on branches represent b
with bootstrap support N50%. Open circles indicate other population clusters of interest discus
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population) the relative proportions of branch lengths and their
bootstrap support were maintained (results not shown).Changes in Ne over time
The joint posterior distribution of the collapse and contemporary
population sizes calculated using TMVP suggested that Isle Royale
lean, humper, and siscowet Ne increased by 105.0%, 30.0%, and 46.8%,
respectively, since 1959 (Table4). Between the recovery and contempo-
rary periods, Isle Royale lean and humper Ne point estimates remained
roughly the same, yet the TMVP output suggested that siscowet Nemay
have declined by 21.1% since 1999 (although Isle Royale siscowet result
was highly uncertain because MCMC sampling did not meet acceptable
criteria for convergence). Similar to Isle Royale, Stannard Rock lean and
siscowet, aswell as Klondike Reef humper, TMVP outputs indicated that
Ne had remained stablewith small increases or decreases in the range of
0.8% and 3.5% since 1999 (Table4).
Point estimates of Ne and 95% HPD intervals generated by the
program MSVAR, provided similar results to contemporary period
TMVP Ne estimates (Table4). Each of three runs involving each
ecomorph/location population resulted in consistent values, yet the
lower and upper 95% HPD intervals often resolved to ﬂoor or ceiling
values of Ne. The MSVAR output showed that contemporary siscowet
populations at Isle Royalemay have been ~55% larger than lean popula-
tions (Table4). However, MSVAR was unable to assess historical Ne
within the past 70 years of our sample collection. Instead,
MSVARexplored an ancient population size dating back to ~1,535
years (95% HPD interval 470 to 4,528, N = 21), using the average of
all three runs for each ecomorph and location (TableS5). The averaged
medianNeof the ancient lake trout populationwas64,671 (95%HPD in-
terval23,617 to 167,164), and it started to decline approximately 238
generations agoto a contemporary averagemedian of 484 (95% HPD in-
terval 473 to 5,068) breeding individuals within each ecomorph/loca-
tion cohort. Considering all seven ecomorph/location replicates, these
results suggest that the ancient lake trout population size in Lake
Superior was larger than the contemporary population size.B
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Table4
Contemporary effective population size (Ne) estimates for lake trout, and their respective hig
contemporary (2004–2013) data sets are based on three loci, and 5–6 loci for the recovery (1
of contemporary data set.
Method TMVP
Two sample temporal method coalescence
MCMC
Ne 95% H
Isle Royale Ne estimates for 1959 and 2006–2007
Lean 1959 211.6 3–8
Lean 2007 432.3 11–9
Humper 1959 348.4 8–9
Humper 2007 452.3 16–9
Siscowet 1959 304.6 4–8
Siscowet 2007 447.0 24–9
Isle Royale Ne estimates for 1995–1999 and 2006–2007
Lean 1995 512.9 76–9
Lean 2007 502.4 66–9
Humper 1999 440.0 2–9
Humper 2007 445.1 1–9
Siscowet 1999 243.1a 1–8
Siscowet 2007 191.8a 1–8
Stannard Rock Ne estimates for 1999 and 2013
Lean 2013 466.3 3–9
Lean 1999 450.0 1–9
Siscowet 2013 410.8 1–9
Siscowet 1999 407.6 1–9
Klondike Reef/Caribou Reef Ne estimates for 1999 and 2004
Humper 1999 503.8 69–9
Humper 2004 512.5 35–9
a Criteria for MCMC convergence in TMVP simulations were not reached, results may be spu
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Analyses of microsatellite DNA from the lake trout ﬁshery collapse
(samples collected during 1959), recovery (1995–1999), and contem-
porary time periods (2004–2013) indicated substantive losses in genet-
ic diversity among lean, humper, and siscowet lake trout ecomorphs
within Lake Superior. Although Ne and Nc of lake trout populations in
Lake Superior have made spectacular recoveries, it is apparent that
lake trout may still be losing genetic diversity, whichmay be associated
with putative losses in phenotypic or ecological diversity (De Leon et al.,
2011; Muir et al., 2014). A unique aspect of our results relative to
previous studies is that, for the ﬁrst time, we found evidence for
increased gene ﬂow among different ecomorphs within Lake Superior
(see Guinand et al., 2003, 2012; Page et al., 2004). This apparent
homogenization of genetic variation indicated an increasing tendency
for lake trout ecomorphs to hybridize, possibly reversing their evolu-
tionary trajectory of sympatric adaptive diversiﬁcation.
Loss of genetic diversity
A rapid decline in lake trout neutral allelic diversity, heterozygosity,
and private allelic richness appears to have occurred in Lake Superior
during and after theﬁshery collapse. Guinand et al. (2003, 2012) report-
ed a ~ 34% decline in allelic richness within a 10-year period, approxi-
mately one lake trout generation, between the pre-collapse (c. 1948)
and the collapse (c. 1959) period just prior to the ﬁshery closure.Within
10 years of the collapse, Hansen et al. (1995) reported a rapid sharp de-
cline in lake trout estimatedNc. This declinewas followed by declines of
~4–9% (allelic richness) between the 1950s and 1990s, yet the
ecomorphs remained genetically differentiated (a result reproduced in
this study using the recovery period data set) (Guinand et al., 2012).
Since the 1990s, we report further possible losses of 5.7%, 12.3%, and
6.8% allelic richness (averaged across ecomorphs) at Isle Royale,
Stannard Rock, and Klondike Reef, respectively. Considering the three
ecomorphs of Isle Royale and Stannard Rock leans (populations with
large sample sizes) together, lake trout are estimated to have lost 4.9%hest posterior density (95% HPD) intervals. TMVP analyses using the collapse (1959) and
995–1999) and contemporary analyses. Results of MSVAR program are based on 15 loci
MSVAR
One sample temporal method coalescence MCMC
PD Ne 95% HPD
18 – –
34 305.3 123–768
09 – –
37 333.1 90–758
92 – –
37 834.9 175–3,161
93 – –
83 – –
38 – –
29 – –
80 – –
27 – –
47 914.8 355–2,362
46 – –
36 53.8a 19–152
39 – –
93 102.8a 2–1,545
61 – –
rious.
213S.M. Baillie et al. / Journal of Great Lakes Research 42 (2016) 204–216heterozygosity (He), 5.7% allelic richness (Ar), and 41.1% private allelic
richness since the 1990s. The greater loss in Ar relative to He is in accor-
dance with a ﬁrst principle of conservation genetics that the immediate
impact of population declines affects the number of alleles, and not neces-
sarily heterozygosity (Ryman et al., 1995). Allelic diversity is much more
sensitive to reduction in population size than heterozygosity, which will
be reduced only by a small fraction in all but very small populations
(Allendorf, 1986). When effective population sizes are between 500 and
1000 individuals, loss of heterozygosity due to genetic drift shouldbeneg-
ligible over extended periods of time (Ryman et al., 2014); thus, we ob-
served a higher than expected loss of heterozygosity from the recovery
to contemporary period. Similarly, in computer simulations of temporal
changes in allelic diversity expected in Paciﬁc salmon (Onchorynchus
spp.), Waples and Teel (1990) found that in populations with 500–
1,000 breeding individuals, allelic frequencies will change 1–2% per gen-
eration; in smaller populations (50–100), losses of 4–6% allelic diversity
per generation can be expected. In Lake Superior lake trout, the estimated
loss of allelic diversity clearly exceeded these expectations from the 1948
to 1959, but since then the rate of loss appeared to be at a lower level pos-
sibly in keeping with generational drift. However, because lake trout
numbers have recovered to near pre-collapse population sizes, we see lit-
tle loss of alleles since the 1990s; thus, other explanations other than ge-
netic drift and sampling error (e.g.,genetic admixture, must be
considered; Waples and Teel, 1990).
The idea that human impacts on lake trout populations cause losses
in allelic diversity among the different lake trout ecomorphs was sup-
ported in this study. Although the lean ecomorph was the main target
of the ﬁshery since the early 20th century, our ﬁndings, together with
those of past studies (Guinand et al., 2003, 2012), demonstrated that
humper and siscowetalso experienced losses in allelic diversity and het-
erozygosity. Rapid declines in genetic diversity are more harmful than
slow gradual losses (Allendorf et al., 2014) because the probability of
retaining alleles is lower in intense population declines over a single
generation than small declines over many generations (England et al.,
2003). Overﬁshing was not the only form of human disturbance in
Lake Superior. Concurrent to the ﬁshery collapse, other variables such
as sea lamprey induced mortality, stocking of hatchery raised yearlings,
and cascading changes in community composition may have played,
and continue to play, a role in the loss of lake trout genetic diversity.
Regardless of large historical effective population sizes, these losses
may have long lasting genetic effects on biodiversity that threaten the
long-term sustainability of lake trout in northern lakes.
That our samples were collected one to two generations after an in-
tensive stocking program had been terminated in the 1990s (Hansen et
al., 1995; Muir et al., 2012) sets our ﬁndings apart from previous studies
and allowed us to report reductions in genetic distance among lake
trout ecomorphs along with continued losses of genetic diversity. Stock-
ing is an important tool to supplement and rebuild remnant ﬁsh stocks
in overexploited populations (Laikre et al., 2010; Valiquette et al., 2014),
and the recovery of lean lake trout would likely not have occurred with-
out supplementation. However, negative impacts on the genetic diversity
of populations can occur, because captive-reared ﬁsh released in the wild
often have lower ﬁtness than their wild conspeciﬁcs, even after few gen-
erations of captivity (Araki et al., 2007, 2008). Introgressive hybridization
of captive-reared ﬁsh with locally adapted wild populations, in turn, can
cause outbreeding depression where disruption of the interactions be-
tween genes and the environment of the interbred offspring occurs
(Allendorf et al., 2001). Private and rare alleles have been shown to be-
come rarer after stocking and can be associated with an increased rate
of genetic drift and depression of effective population size. Many alleles
can be lost in one or two generations due to stocking alone (Tringali
and Bert, 2015), which may explain the continued loss of allelic diversity
since the 1990s in Lake Superior lake trout.
Questions often arise concerning the effects of sampling (sample
size, timing, and location) and how these variables can inﬂuence results.
To address potential confounding effects of small sample size onanalyses, POWSIM software (Ryman and Palm, 2006) estimated
probability of type I and type II errors in the historical (pre-collapse)
and post-collapse genetic data sets (Guinand et al., 2012), as well as
the contemporary data set (this study). The rationale provided in
Ryman et al. (2006) is based on simulations according to aWright–Fish-
er model of random drift (i.e.,no mutation, no migration) that uses
allelic distributions of loci as a starting point and the observed sample
sizes during a sampling process to allow an estimation of statistical
power. Ryman et al. (2006) simulated statistical power using patterns
of allelic frequencies relevant to allozymic (lower diversity) and micro-
satellite (higher diversity) loci. Ryman et al. (2006) also analyzed-
empirical data sets that investigated only ﬁve loci. In their study,
statistical power using ﬁve loci ranged from ~0.3 to 0.7 based on the
chi-square test implemented in the POWSIM software depending on
the analyzed data sets. This range matches what was reported by
Guinand et al. (2012), and the power we report with our lake trout
data in this study was even higher. Despite adequate power, results
estimated from low number of loci in this study cannot be considered
deﬁnitive and may require further study.
Genetic homogenization of Lake Superior lake trout ecomorph biodiversity
Using standard population genetic methods, we found contempo-
rary genetic variation of lake trout in Lake Superior was not primarily
organized by ecomorph, as it had been in previous decades (this
study; Page et al., 2004; Guinandet al., 2012). That lake trout ecomorphs
could not be genetically distinguished despite tripling the number of
microsatellite markers used in previous studies, is a unique aspect of
the current study. Guinand et al. (2012) showed that by the 1990s,
genetic homogenization had not occurred among lake trout ecomorphs,
despite the historical declines of leans and siscowets (Hansen, 1999;
Wilberg et al., 2003; Bronte and Sitar, 2008). Our AMOVAs indicated
that ecomorphs could be discriminated genetically in the recovery, but
not in the contemporary period. The NJ trees supported AMOVA results,
in that recovery period lake trout clustered by ecomorph across geo-
graphic locations, yet contemporary period ecomorphs clustered to-
gether by location. The hierarchical Fst test, a method used to
determine temporal stability of multiple geographically separated ﬁsh
stocks, also showed that ecomorph divergence decreased over time
(see Waples and Teel, 1990).
Additional support for the hypothesis of ongoing genetic homogeni-
zation among ecomorphs was provided by the MCOA ordination
analyses, which indicated increasing introgression among ecomorphs
over the three time periods studied. MCOA is a useful tool for achieving
neutral genetic resolution among closely related ecomorph groupswith
incomplete reproductive isolation (Leinonen et al., 2006). Thus, MCOA
may assess population structure better than traditional methods
because it uses the most informative loci to separate groups of closely
related individuals based on their allelic frequencies without assump-
tions of HWE and linkage equilibrium (Laloe et al., 2007; Jombart et
al., 2009). In this study, MCOA indicated a 60.7% reduction in genetic
distance among ecomorphs (averaged among all ecomorph
pairedcomparisons at Isle Royale) between the recovery and contempo-
rary period. Although the Isle Royale recovery and contemporary period
data sets had large samples sizes (N50 individuals), conﬁdence ellipses
around population centroids indicated uncertainty likely due to the low
locus numbers of the earlier data set (ﬁve loci). We believe these trends
reﬂect true decreases in genetic distances among ecomorphs, because
we have demonstrated, in several analyses, the ﬁve locus data set
reproduced the same population genetic structure as when 18 loci
were used, but with lower statistical power. Together with our results
from analysis of molecular variance, hierarchical F-statistics, and
clustering analyses, the MCOA results suggested increased gene ﬂow
among ecomorphs over time. Given the suspected loss ofmorphological
diversity in lake trout (Muir et al., 2014), we pose the loss of genetic
distance among ecomorphs since the collapse period (see Fig. 3c) as a
214 S.M. Baillie et al. / Journal of Great Lakes Research 42 (2016) 204–216hypothesis for future studies. Additionally, future studies should use a
greater number of historical samples (pre- and post-1960). Scale
collections such as those archived by the United States Geological
Survey, United States Fish and Wildlife Service, and Ontario Ministry
of Natural Resources and Fisheries could provide a source for additional
samples.
Speciation reversal and loss of biodiversity are often difﬁcult to
detectbecause ecomorphs can homogenize rapidly and without major
changes in the species distribution (Vonlanthen et al., 2012). In princi-
ple, divergent natural selection could maintain ecomorph differences
despite low genetic diversity at neutral genes (Hartmann et al., 2014).
Our data suggest, however, that reproductive and ecological niche
spaces have been altered to the degree that selection may not be able
to counteract the homogenizing effects of gene ﬂow. Thus, preserving
ecosystem function requires maintaining the selective environment of-
fered by functional ecosystems, which in turn require protection of the
ecological conditions and evolutionary mechanisms that generate and
maintain species diversity (Vonlanthen et al., 2012).
Changes in effective population size (Ne)
Point estimates of Ne generated using the TMVP program for Isle
Royale leans doubled from the collapse to recovery time period. This in-
crease was comparable to the 94% increase in estimated Nc based on
lean lake trout relative abundance (number of ﬁsh/10 km of net) over
the same time period (data provided to this study by S. Sitar, Michigan
Department of Natural Resources, unpublished data; ESM Fig.S1).
Humpers also experienced effective population size increases,
e.g.,~30% increase in Ne of Isle Royale humpers. Despite the fact that
humpers were not main targets of the ﬁshery or sea lamprey (Peck,
1974), their rise in numbers alongside the leans would imply humper
numbers had been depressed previously and are recovering. Alterna-
tively, there could be niche expansion and population growth accompa-
nying possible recent changes in morphology. Subsequently, from the
recovery to contemporary time periods Isle Royale lean Ne and the cor-
responding Nc estimates leveled off after 1999 (ESM Fig.S1). In fact, Ne
estimates implied that most ecomorph population sizes have plateaued
across the lake since the recovery period, which agreed with the theory
that lake trout in Lake Superior have recovered to the point of carrying
capacity after the mid-1990s (Gorman and Sitar, 2013).
By contrast, results from the TMVP program implied a 21% decrease
in siscowet Ne from the recovery to contemporary period, despite an
overall 47% increase since the collapse period at Isle Royale. The recov-
ery to contemporary period analysis, however, failed to meet MCMC
convergence and did not settle on a stationary population size distribu-
tion around the point estimate; thus, this result may be spurious.
Knowledge of the approximate demography of a population would
largely improve Ne estimates (Gilbert and Whitlock, 2015). Mixed-age
adult samples (both parents and offspring sampled at the same time)
and cryptic population structure can produce downward biased allelic
richness and Ne estimates attributable to Wahlund effects caused by
combining parents from different cohorts in a single sample (Ryman
et al., 2014; Waples et al., 2014). Because siscowet Ne may have de-
creased, reporting these results may encourage further investigation.
An extensive Nc data series from the Apostle Islands, showed that
siscowet had been decreasing since the mid-1900s, and today are
below 1953 levels of abundance (Gorman and Sitar, 2013). After 1958,
the density of adult wild lake trout (lean and siscowet) ﬂuctuated but
increased to a peak of 0.6 ﬁsh/ha in 1997 and then declined by ~10%
(0.06–0.10 ﬁsh/ha) by 2009–2011 (Gorman and Sitar, 2013). This
pattern is reﬂected in our Ne estimates. An explanation for the apparent
decrease in siscowet Ne could be introgressive hybridization with
stocked leans (Englbrecht et al., 2002; Page et al., 2004; Guinand et al.,
2012; Valiquette et al., 2014), and other lake trout ecomorphs. Another
possible explanation is that low locus numbers decreased the power of
coalescent models, as reﬂected in the broad conﬁdence intervals(Beaumont, 2003). All Ne point estimates should be interpreted with
caution as the 95% HPD intervals overlap, and estimates should be
considered in relative rather than absolute terms. Better MCMC conver-
gence was attained in MSVAR than TMVP, and MSVAR estimates
revealed Isle Royale siscowet Ne to be three times that of leans, a result
which is highly supported by observed difference in Nc estimates
between the two ecomorphs (Bronte et al., 2003).
Additionally, using Bayesian coalescent statistics inMSVAR,wewere
able to back calculate “ancient” population sizes of lake trout prior to
our sample collections to times before ﬁshing pressures, other major
human disturbances and introduction of exotic prey and predator
species. These results suggested a decline in lake trout numbers from
a large ancient population size approximately 3,500–1,500 years ago.
This period coincides with the middle millennia of a Holocene
neoglaciation period dated to c. ~5,300–150 years ago (McFadden et
al., 2004). During this neoglaciation, Great Lake water levels and
primary productivity declined as the climate grew cold and glaciers
re-advanced(McFadden et al., 2004). Our ﬁndings suggest that Lake
Superior lake trout have not been immune to environmental change
and their numbers may have been far greater in the past than today.Perspectives for management
Biodiversity in North America's iconic Northern lakes is undergoing
major changes (Suski and Cooke, 2007; Janse et al., 2015). Lake Superi-
or, the coldest and northernmost of the Laurentian Great Lakes, is
among the fastest warming lakes in the world (Austin and Colman,
2008). Our results have important implications for the conservation of
biodiversity in Lake Superior andfor the application of genetics in
conservation programs in northern lakes, where climate and human-
induced changes are occurringmore rapidly than in southerly latitudes.
Despite a marked recovery in lake trout Nc and apparently Ne after the
ﬁshery collapse, lake trout appear to have lost ~20–30% of their genetic
diversity between 1948 and 2013 (Guinand et al., 2012; this study).
However, most point estimates of Ne were in the range from hundreds
to low thousands, levels at which loss of genetic variability could be a
justiﬁed management concern (Ryman et al., 2014).
A key implication of our results for management of northern lakes
ﬁsheries is that the genetic effects of harvest, non-native species
(e.g.,sea lamprey), and stocking cannot be easily avoided, but could be
minimized through careful ﬁshery management. Harvest, for example,
inevitably reduces population size and depending on severity, will in-
crease the potential losses from genetic drift (Pinsky and Palumbi,
2014). This effect on neutrally evolving genes, is likely mirrored in
genes under selection, and can beminimized but not avoided by appro-
priate management (Law, 2007). We recommend two management
strategies originally proposed by Allendorf et al. (2014) be considered.
First, evolutionary impact assessments should be used as a tool for the
management of valuable ﬁsheries (Jorgensen et al., 2007). This involves
predicting how harvest is likely to change the genetic composition of a
population and how those changes affect stock productivity (Eikeset
et al., 2013). Second, monitoring genetic changes over time, as present-
ed in this study, should be used to evaluate the effects of harvest or
other environmental changes that might affect long-term sustain-
ability and evolutionary potential of species (Schwartz et al.,
2007). While these processes are reasonably well understood for
Arctic charr Salvelinus alpinus, a well-studied closely related species,
in less perturbed northern ecosystems, cataloging and describing
these patterns of extant lake trout diversity is a critical ﬁrst step to-
ward understanding ecological processes that generate and main-
tain ecomorph biodiversity. Further, knowledge of the processes
associated with lake trout population viability in northern Great
Lakes will help to identify impediments and strategies to lake trout
re-establishment within the Laurentian Great Lakes of North
America (Zimmerman and Krueger, 2009).
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